Eight experiments with the complex span paradigm are presented to investigate why concurrent processing disrupts short-term retention. Increasing the pace of the processing task led to worse recall, supporting the hypothesis that the processing task distracts attention from maintenance operations. Neither phonological nor semantic similarity between memory items and processing-task material impaired memory. In contrast, the degree of phonological overlap between memory items and processing-task material affected recall negatively, supporting feature overwriting as one source of interference in the complex span paradigm. When compared directly, phonological overlap impaired memory, but similarity had a beneficial effect. These findings rule out response competition or confusion as a mechanism of interference between storage and processing.
One popular characterization of working memory is as a system for the simultaneous short-term storage and processing of information. This notion is reflected in many paradigms used to study working memory, such as the complex span paradigm, in which encoding of memory items for immediate recall alternates with brief periods of processing additional, not-to-be-remembered material. For instance, in the operation span task, participants alternate between encoding a letter for recall and evaluating arithmetic equations (Turner & Engle, 1989) . In the reading span task, they alternate between reading a sentence and encoding the sentence's last word for recall (Daneman & Carpenter, 1980) .
Adding concurrent processing to a short-term memory task has two consequences. First, memory performance is much reduced relative to comparable memory tasks without processing demand (so-called simple-span tasks). Second, combinations of memory and processing, as in complex span, are better predictors than simple span for performance on complex cognitive tasks (Ackerman, Beier, & Boyle, 2005; Daneman & Merikle, 1996 ; but see Colom, Rebollo, Abad, & Shih, 2006) . Why does concurrent processing impair short-term storage? Answering this question would be an important step toward understanding why working memory capacity is limited and why it is related to complex cognition.
One answer is that the processing task delays recall while preventing rehearsal, so that memory traces decay over time (Barrouillet, Bernardin, & Camos, 2004; Towse, Hitch, & Hutton, 2000) . Decay cannot be the only factor, however, because memory impairment is larger when memory items and the material of the processing task come from the same category (words vs. numbers) than when they come from different categories (Conlin, Gathercole, & Adams, 2005; Li, 1999) . These findings point to a contribution from similarity-based interference between memory contents and the materials involved in the processing task. Saito and Miyake (2004) , using the reading span task, varied processing time and the amount of material processed (i.e., length of sentences to be read) independently. They found that only the amount of material affected memory and argued that interference between memory items and representations involved in the processing task, rather than decay, impairs complex span performance. Oberauer and Lewandowsky (2008) fit competing models to data from a variant of the complex span paradigm and found that an interference-based model provided a better fit than a decay-based model did.
The present research seeks further evidence on the role of interference between memory contents and concurrently processed material, and aims at distinguishing four mechanisms by which processing could impair memory. The first mechanism is distraction of attention. The processing demand is assumed to distract a general attentional mechanism-sometimes referred to as a bottleneck-from the memory items, thereby preventing their maintenance or further consolidation in memory (Barrouillet et al., 2004; Hudjetz & Oberauer, 2007) . The size of the distracting effect should depend on the proportion of time the processing task occupies attention, but not on the material used in the processing task.
The second mechanism is response competition. The processing task could introduce representations into the set of recall candidates, which compete for recall with the The fourth mechanism to consider is feature overwriting. Nairne (1990) was the first to propose, in the context of his "feature model," that representations in working memory are degraded by overwriting of shared features. Recently, another formal model of interference was developed (Oberauer & Kliegl, 2006) using feature overwriting. It is assumed that items are represented in working memory by distributed patterns of activation over feature units. Active feature units belonging to the same item are bound together by firing in synchrony (Raffone & Wolters, 2001 ); in the same way, all active feature units of each item are bound to their context (e.g., the item's serial position). Therefore, units belonging to different items must fire out of sync. If each unit can fire only once per phase cycle, this implies that a feature unit can be bound to only one item at the same time. Thus, items sharing a feature compete for the units representing that feature, and the item losing the competition gets partially degraded. As a consequence, items held simultaneously in working memory interfere by stealing each other's feature units. Different from Nairne's feature model, in which each item only overwrites the immediately preceding item, in the Oberauer and Kliegl model, all items in working memory overwrite each other's features, and items can overwrite both earlier and later list items. One prediction arising from this theory is that interference increases with the amount of feature overlap between items. An extension to interference between storage and processing is that the processing task interferes more with memory when the processing materials have a higher degree of feature overlap with the memory items.
Overview of Experiments
The goal of the present experiments was to gauge the contribution of the four mechanisms outlined previously to interference between processing and storage in working memory. The experiments used a complex span paradigm modeled after that of Barrouillet et al. (2004) . Participants encoded lists of four words for later serial recall. Each memory word was followed by four other words that had to be read aloud. The reading task was computer paced, and two reading-rate conditions were realized by presenting distractor words at either a fast or a slow pace. In addition, one of three variables was manipulated to vary the amount of interference. These variables were: (1) phonological similarity between distractor words and memory words; (2) semantic similarity between distractor words and memory words, or (3) the degree of phoneme overlap between distractor words and memory words. Overlap of phonemic features differs from phonological similarity: Two words were defined as phonologically similar when they were phonological neighbors; that is, they differed only in one phoneme and shared all other phonemes in corresponding within-word positions. High phoneme overlap, in contrast, was created by repeating all phonemes of a memory word among the distractor words in a distributed fashion, so that no single distractor word had to bear a high degree of overlap with the memory word. Moreover, phonemes could be repeated in any within-word position in the distractors. memory items. Most models of immediate recall assume that the initial output of retrieval is a partially degraded representation of the original item, from which a complete, unambiguous representation must be reconstructed, using long-term memory (LTM) representations of known items (see, e.g., Hulme, Roodenrys, Brown, & Mercer, 1995; Nairne, 1990) . The LTM representation that best matches the degraded output from working memory is most likely to be selected as a response. A further (often tacit) assumption is that there is a limited set of recall candidates in LTM to which retrieval outputs are matched; often the candidate set is assumed to consist of just the list items. If list items are similar to each other, then the candidate set in LTM also contains many similar potential responses, and partially degraded retrieval outputs tend to match several of them well, thus leading to competition and confusion between response candidates.
Response competition due to a lack of discrimination among recall candidates is essentially the mechanism by which most models of serial recall explain the detrimental effect of phonological similarity between list items (Henson, 1998; Page & Norris, 1998) . The same mechanism also serves as the standard explanation for proactive interference (Gardiner, Craik, & Birtwistle, 1972; Tehan & Humphreys, 1995) : Items from the preceding list or lists are still candidates for recall and therefore compete for recall with the items on the current list unless they can be excluded on the basis of a cue that discriminates the items on the present list from those on preceding lists. In the present article, I extend this idea to the complex span paradigm by assuming that material used in the processing task tends to be included in the response set, thereby competing with memory items at recall (see also Carretti, Cornoldi, De Beni, & Palladino, 2004) . The amount of competition should increase with the similarity between processing material and memory items.
The third mechanism is superposition of distributed representations. Many models of memory assume that distributed representations of items, or of associations between items and their contexts, are superimposed on each other in a common representational medium (see, e.g., Eich, 1982; Lewandowsky & Murdock, 1989) . For instance, in the serial-order-in-a-box (SOB) model (Farrell, 2006) , items-as well as their serial positions-are represented as distributed feature vectors, and associations between items and their positions are superimposed in a common weight matrix. In an application of SOB to the complex span paradigm, Oberauer and Lewandowsky (2008) assumed that the material used in the processing task is associated with the positional context of the immediately preceding list item. At recall, each list item is cued by its positional context. The system returns a blend of the item and the concurrent processing material. The processing material therefore contaminates the retrieval output, rendering reconstruction of the original item difficult. The more dissimilar the processing material is to the memory item, the larger the degree of distortion. Superposition therefore predicts the opposite of response competition-namely, a benefit of similar over dissimilar processing tasks.
The response-competition hypothesis states that the distractor words are inadvertently included in the candidate set for responses. When the distractor words are more similar to the words in the memory list, they are more likely to be confused with list words. Therefore, this hypothesis predicts worse recall when distractor words are similar to memory words. Confusing a memory word with a distractor word creates an item error; therefore, the adverse effect of similarity is expected to be mainly on item memory. Depending on whether list words and distractors are preferentially encoded phonologically or semantically, phonological or semantic similarity should play the dominant role. Previous research has shown that immediate serial recall of verbal material rests predominantly on phonological memory traces, but that with filled delays of several seconds, phonological similarity effects tend to decline and semantic features become more important (Adams, Thorsheim, & McIntyre, 1969; Baddeley & Ecob, 1970) . The complex span paradigm involves filled delays following each memory item; therefore, it could be that at the time of recall, semantic representations predominate over phonological ones. In that case, the response-competition hypothesis predicts that semantic similarity between distractors and memory words impairs recall.
The superposition hypothesis predicts a beneficial effect of similarity, and it does so primarily if the similar distractors follow immediately after the memory word they are similar to. According to the superposition hypothesis, interference arises because at retrieval, each position cue returns a blend of the memory item and the distractors associated with that position. If the distractors following each memory word are associated with the same posi- Table 1 presents examples of the materials used for the three manipulations.
Previous research on the effects of similarity between list items in immediate serial recall has shown that memory for items and memory for order are sometimes affected in different ways by similarity. Phonological similarity invariably impairs memory for order, but it has often been found to improve memory for items, in particular when similar items shared a common rhyme (Fallon, Groves, & Tehan, 1999; Gupta, Lipinski, & Aktunc, 2005; Tehan, Hendry, & Kocinski, 2001) . Semantic similarity has been found to improve item memory while having no effect on order memory (Saint-Aubin & Poirier, 1999) . Therefore, I analyzed recall for three measures of accuracy: Overall accuracy was assessed by the proportion of words recalled in their correct list positions. Item memory was assessed by the proportion of list words recalled in any position. Order memory was measured as the conditional probability of recalling a word in the correct position, given that it was recalled at all.
The distraction-of-attention hypothesis (Barrouillet et al., 2004) states that the processing task impairs memory because it temporarily prevents maintenance mechanisms, such as rehearsal or refreshing. This hypothesis leads to the prediction that memory performance is better with a slower than with faster reading pace, because a slower rate leaves more time for intermediate refreshing of memory traces. The distraction hypothesis predicts no effect of similarity or phoneme overlap. The distraction-ofattention hypothesis makes no assumptions as to whether pace affects primarily item memory or order memory, so no predictions can be made with regard to these two aspects of performance. Note-Each column represents one example trial, presented from top to bottom. Memory words are given in capital letters, distractors in lowercase letters. In the similar trials, similar distractors follow immediately after the memory word they were similar to, as in Experiments 1 and 2; in the later experiments, distractors were distributed at random to the 16 positions.
At the end of the presentation phase, the word "recall" prompted participants to repeat the four red words to the experimenter. Participants were instructed to remember the red words in order while reading them silently, and to read aloud the black words. This instruction was chosen to maximize the interfering effect of the distractors on the memory items, on the basis of two sets of previous findings. First, proactive interference between two successive lists is strengthened when the first list is read aloud and the second list is read silently (Tehan & Humphreys, 1995) , whereas it is weakened by the opposite order (Tolan & Tehan, 1999) . Second, Beaman (2004) found interference in the operation span paradigm to be larger when the distracting material was read aloud than when it was processed silently. Maximizing the overall effect of distractor interference should maximize the chance to find any effect of similarity on the amount of interference.
Experiment 1
In this experiment, I manipulated phonological similarity. The material consisted of 48 sets of five monosyllabic words each. The first word was the memory word, and the remaining four were distractor words, which differed in only one phoneme from the memory word (i.e., they were phonological neighbors). 1 I manipulated similarity through phonological neighborhood, thus using what Gupta et al. (2005) called canonical similarity because it was used in some of the earliest demonstrations of the classical phonological similarity effect (Baddeley, 1966) . I preferred canonical similarity over more regular forms of similarity, such as having all words in a set rhyme with each other, because rhyming materials produce opposite effects on item and order memory (Fallon et al., 1999; Gupta et al., 2005) , and this could make it difficult to detect an overall effect of similarity on the degree of interference.
High-similarity trials were assembled by selecting four sets at random without replacement. Each memory word was therefore immediately followed by four phonological neighbors as distractor words. Low-similarity trials were constructed by selecting eight sets at random. The memory words were taken from the first four sets, and the distractors from the remaining four sets. Thereby, the four distractor words following each memory word were still similar to each other, but they bore only a chance similarity to any of the memory words. Holding the similarity between the distractors constant is important because it has been shown that sets of distractors that are dissimilar to each other impair memory more than do sets of identical distractors (Lewandowsky, Geiger, & Oberauer, 2008) . The similarity manipulation was crossed with the reading-pace manipulation, creating 12 trials in each design cell, which were presented in random order.
Experiment 2
In this experiment, I manipulated semantic similarity. Materials consisted of 48 sets of five words each. The words in each set belonged to the same category, whereas words in different sets belonged to different categories. High-and low-similarity trials were constructed as in Experiment 1.
Experiments 3 and 4
In these experiments, I manipulated phonological and semantic similarity, respectively, using the same materials as in the preceding two experiments. The only difference was that now in the highsimilarity trials, the similar distractors did not follow the memory words they were similar to. Rather, the 16 distractors were assigned to the 16 distractor positions at random. This variation served to test the superposition hypothesis, which predicts a beneficial effect of similarity between the memory words and the distractors, which should be stronger if the similar distractors are associated with the same context cues as the memory items. By shuffling the distractor positions, each distractor can become associated with any of the four serial positions-not necessarily to the same one as its related memory item. Therefore, the superposition hypothesis predicts that tion as that memory word, then similar distractors distort the representation of the memory item less than do dissimilar distractors. The benefit of similarity would affect item memory because a less distorted representation makes it easier to reconstruct the correct item. A benefit could also be expected for order memory, because the association of a memory item to its position is partially strengthened by the association of a similar distractor to the same position. However, if the distractors similar to one memory word are distributed across all list positions, then the superposition hypothesis predicts no benefit of similarity on order memory, because the associations between positions and distractors do not converge any longer with those between positions and memory items. A small similarity benefit on item memory would still result if the contexts of different list positions partially overlap, as they most likely do (Brown, Preece, & Hulme, 2000; Burgess & Hitch, 1999) . In that case, associating a distractor with a position n that is similar to an item in position n 1 or n 1 would at least partially converge with the association of that item to its position, leading to somewhat less distortion than would a distractor that is dissimilar to all memory items. As before, if memory and distractor words are represented primarily in phonological format, then phonological similarity should have the largest effect. To the degree that participants encode the meaning of both kinds of words, semantic similarity should have an effect.
The feature overwriting hypothesis predicts that a high degree of feature overlap between memory items and distractors impairs recall. When distractors share a large number of features with the already encoded memory words, they tend to take away some of their features, leaving the memory word representations degraded. The damage should primarily affect memory for items, because degraded representations are more likely to be either mistaken for a different word or lost completely, resulting in extralist intrusions or omissions, respectively. As before, whether phonological features or semantic features are the most relevant depends on how the memory words are preferentially represented. Unfortunately, there is no straightforward way of determining semantic features of words. Therefore, I manipulated feature overlap only for phonological features.
METHOD
All experiments followed the same general method. Participants were 20 young adults in each experiment or experimental group (except in Experiment 1 [n 16] and in Experiment 8 [n 45]); all were native speakers of English. One participant per group in Experiment 5 and 1 in Experiment 7 were excluded because of exceptionally low performance ( p .15).
Following 4 practice trials, participants worked on 48 test trials in random order (45 test trials in Experiment 8). Each trial started with the centered display of the first memory word in red on a white background for 1.4 sec, followed by the centered display of four distractor words in black, one by one, for 0.75 sec/word (fast-pace condition) or 1.5 sec/word (slow-pace condition). This sequence was repeated four times. Each word was followed by a 100-msec blank interval.
word were repeated among them as often as possible. In the lowoverlap set, all 16 distractors were selected so that they shared as few phonemes as possible with any of the four memory words.
4. Across all 48 trials, the same set of distractor words was used in the high-overlap and the low-overlap sets. Thus, the two sets of trials were matched not only for their memory words but also for their distractor words; they differed only in which distractor words were combined with which memory words.
In the resulting set of low-overlap trials, not a single phoneme of the memory words was repeated in any of the 16 distractor words used in the same trial. In the set of high-overlap trials, nearly all of the memory item's phonemes were repeated at least once among the distractor words of the same trial. On average, each phoneme of a memory word was repeated 2.74 times in the 16 distractor words (1.65 times in the four distractor words immediately following the memory word). Nevertheless, individual distractors in the highoverlap condition were not particularly similar to the memory words, as can be seen in Table 2 . For instance, only 13% of distractors were phonological neighbors of a memory word in the same trial, as compared with nearly 100% in the conditions with high phonological similarity in the preceding experiments.
Half of the participants received the first 24 trials of the lowoverlap set and the last 24 trials of the high-overlap set, and the other half received the complementary subsets of trials. Each participant received their 48 trials in a new random order. The instruction was the same as in Experiments 1-4.
Experiment 8
In this experiment, I directly compared phonological similarity and phoneme overlap. Applying the same constraints as those for Experiment 7, but using a larger set of 1,974 monosyllabic words, I constructed three sets of 45 trials, one with high similarity between memory items and distractors (as in Experiments 3 and 5), one with high overlap but low similarity, and one with low overlap. Because the same memory lists and the same set of distractor words had to be used to create three conditions, the manipulation of overlap was weaker than it was in Experiment 7. On average, each phoneme of a memory word in the high-overlap condition was repeated 2.65 times among the 16 distractors (1.2 times among the 4 distractors immediately following the memory word). In Experiment 7, virtually all phonemes of the memory words were repeated at least once among the distractors, whereas in Experiment 8, this was true for only 85% of phonemes. And, in the low-overlap condition, the percentage of overlap was 5% rather than 0 (see Table 2 ). The manipulation of similarity was as strong as it could possibly be, with all distractors being phonological neighbors of a memory item in the high-similarity condition, and with none being phonological neighbors in the other two conditions. Three groups of 15 participants received 15 trials from each set in random order; every participant saw every memory list once, and every list figured equally often in each condition. The pace manipulation was dropped; all distractors were presented for 1 sec. Instructions were the same as in Experiment 7.
any positive similarity effect should be reduced or even eliminated in Experiments 3 and 4.
Experiments 5 and 6
In these experiments, I tested two groups each, comparing two strategy instructions. Experiment 5 manipulated phonological similarity, and Experiment 6 manipulated semantic similarity, using the materials of Experiment 3 for Experiment 5 and those of Experiment 4 for Experiment 6, and the same procedure as in those preceding experiments. Informal postexperimental interviews with participants in the preceding experiments revealed two dominant strategies that were employed with roughly equal frequency: subvocal articulatory rehearsal of the memory words, and the creation of visual images of the words' meanings. I hypothesized that the rehearsal strategy created predominantly phonological representations, whereas the visualization strategy created predominantly semantic and visual representations. Averaging across the two strategies, therefore, could dilute the effects of both phonological and semantic similarity. The strategy manipulation served to obtain more strategy-pure groups. I expected an effect of phonological similarity in the group that was instructed to use the articulatory-rehearsal strategy, and an effect of semantic similarity in the group that was instructed to use the visualization strategy, because visualization requires access to the words' meanings.
Participants in the rehearsal group were instructed as follows: "Try to remember the words by repeating them silently back to yourself in the correct order as often as possible." Participants in the visualization group were instructed as follows: "Try to remember the words by visually imagining the things they refer to. Try to form an integrated visual representation that also maintains the order in which the words were presented." After each block of 12 trials, participants in these experiments filled out a questionnaire about the strategies they used in the preceding block. In Experiment 5, participants reported having used the instructed strategy on average on 82% of trials in the rehearsal group, and on 86% of trials in the visualization group. In Experiment 6, these figures were 86% and 94% for the rehearsal group and the visualization group, respectively.
Experiment 7
In this experiment, I manipulated phonological overlap. The construction of trials started with a set of 499 one-syllable words. Phonological transcriptions according to the DISC system, which assigns one symbol to each phoneme, were created using N-Watch (Davis, 2005) . A computer program used these transcripts to assemble memory and distractor words for 48 high-overlap and 48 low-overlap trials according to the following constraints.
1. The four memory words shared no phonemes with each other. 2. The same memory words were used for corresponding trials in the high-overlap and the low-overlap set. Thus, corresponding highand low-overlap trials differed only in their distractor words.
3. In the high-overlap set, the four distractors following each memory word were selected so that the phonemes of the memory semantically similar distractors followed the memory item they were related to. This effect disappeared in Experiment 4, in which the order of distractors within trials was shuffled. This pattern is as predicted by the superposition hypothesis. The beneficial effect was most noticeable in item accuracy. This result is consistent with the superposition hypothesis, because a blend of dissimilar representations is more likely to be matched to an extralist representation in LTM than is a blend of similar representations, thereby creating an item error. The second instance of a beneficial similarity effect was an advantage of the phonologically similar condition in the group instructed to rehearse in Experiment 5; this effect was limited to item accuracy. This finding is compatible with the superposition hypothesis if we assume that the positional contexts of neighboring list items overlap, so that associating a distractor that is similar to item n to the positional context n 1 or n 1 still produces a similarity benefit. Under the superposition hypothesis, however, a larger benefit of phonological similarity would be expected when similar distractors follow the items
RESULTS
Responses were coded in three ways: (1) proportion correct in position, counting as correct each word recalled in its original list position; (2) item memory, counting as correct each list word recalled, regardless of position; and (3) order memory, defined as the conditional probability of recalling an item in the correct position, given that it has been recalled at all. Table 3 summarizes the effects of the similarity and overlap manipulations for proportion correct in position; Tables 4 and 5 provide analogous information for item accuracy and order accuracy, respectively. These results can be summarized as follows: Neither phonological nor semantic similarity between memory and distractor words had any negative effect on recall. This result held for all three dependent variables, and it also held when participants were instructed to use phonological rehearsal or a visual-semantic strategy (Experiments 5 and 6).
In two instances, similarity was beneficial to recall. In Experiment 2, semantic similarity helped recall when the I also combined the four groups with a semantic-similarity contrast (Experiments 2, 4, and 6 with both instructions) to increase power. Again, there was little evidence for a main effect of similarity [F (1,76) .14]. The interaction reflects the positive effect of semantic similarity in Experiment 2 that was not present in the other experiments. Excluding Experiment 2, the combined effect of semantic similarity was .004, with 95% confidence intervals of .017 and .025; Cohen's d was 0.047. Thus, with the exception of Experiment 2, semantic similarity between distractors and memory items had no detectable effect. Analogous combined analyses of item and order accuracy yielded no further insights.
In contrast to the similarity manipulations, distributed feature overlap impaired memory. 2 This effect was largely due to an impairment of item recall. To test whether the effect of feature overlap in Experiment 7 differed from that of phonological similarity in Experiments 1, 3, and 5 combined, I conducted an ANOVA with kind of manipulation (similarity vs. overlap) and condition (high similarity/overlap vs. low similarity/overlap) as factors. The interaction of condition with kind of manipulation was strongly supported [F(1,91) 7.996, p .006, 2 p .081].
In Experiment 8, I replicated the effect of high versus low phoneme overlap, although with a smaller effect size than in Experiment 7. 3 The smaller effect size is probably due to the fact that the overlap manipulation was weaker in Experiment 8. In the same experiment, and relative to the same baseline of no overlap, phonological similarity had no detrimental effect. The overlap condition resulted in clearly worse recall than did the similarity condition [F(1,44) Figure 1 .
The manipulation of reading pace was effective in every single experiment, with F ranging from 10.52 to 56.72 (maximum p .005) and effect sizes ranging from they are similar to, as in Experiment 1, in which no similarity benefit was found. Therefore, this result remains ambiguous.
To increase power for the similarity effects, I combined the four groups with a comparable phonological-similarity contrast (Experiments 1, 3, and 5 with both instructions). There was no effect of similarity on proportion correct in position [F(1,70) 1.207, p .28] and no interaction with group [F(1,70) 0.106, p .96, 2 p .005]. The mean effect of phonological similarity across all groups was .012, with 95% confidence intervals of .034 and .010; Cohen's d was 0.131. Thus, even with increased power, the effect of phonological similarity between distractors and memory items was far from being statistically significant and was negligible in size.
Because the manipulation of phonological similarity consistently failed to produce any effect, I conducted a control experiment in which the same material was used to manipulate similarity between list items in a simple span procedure. Participants were asked to recall in forward order lists of six words without distractors. Dissimilar lists were assembled with randomly selected words from six different sets. Similar lists consisted of four words from a set of similar words, and two further words from two other sets. In this way, each similar list contained only four similar items and two dissimilar items. There are 15 ways of assigning four similar and two dissimilar words to six serial positions; each of these was realized equally often. Correct recall in position averaged 69% (SD 13) for the dissimilar lists, 68% (SD 14) for dissimilar items on the mixed lists, and 60% (SD 14) for similar items on the mixed lists. The similar items were recalled worse than were both dissimilar items on the same lists [F (1, 17) 27.8, p .001, 2 p .62] and items on the dissimilar lists [F (1, 17) 23.4, p .001, 2 p .58]. Therefore, the phonological similarity manipulation was powerful enough to produce the standard effect of similarity between list items, and the lack of effects of similarity between items and distractors is not due to an unfortunate choice of materials. tion of attention, response competition, superposition, and feature overwriting. The strong and consistent effect of reading pace supports the distraction hypothesis. The disruption of memory through phoneme overlap provides evidence for feature overwriting. Both phonological and semantic similarity had very little effect, and where an effect could be detected, it was beneficial. This observation lends modest support to the superposition hypothesis. The fact thatdespite much effort-no negative similarity effects were found is strong evidence against the response competition hypothesis. Thus, the present data suggest the conclusion that concurrent processing impairs immediate memory by two mechanisms: distraction of attention from the memory items and feature overwriting, with a possible additional contribution from a third mechanism, superposition.
d 0.78 to d 1.22. When distractor words had to be read at a faster pace, the proportion correct in position was worse by 8.1 percentage points, averaged across Experiments 1-7 (range of 6.1-10.2), as compared with when distractors had to be read at a slower pace. This finding replicates that of Barrouillet et al. (2004) . In no case did pace interact with similarity (maximum F 1.15), and pace also did not interact with feature overlap in Experiment 7 (F 1.08) .
DISCUSSION
The present experiments tested four hypothetical mechanisms by which a concurrent processing activity disrupts immediate memory in the complex span paradigm, distrac- among persons with cognitive difficulties, as compared with matched control groups (see, e.g., Palladino, 2006) . One determinant of individual differences in the complex span paradigm, therefore, could be the efficiency with which a person excludes distractors from the recall candidates.
A study by Conlin and Gathercole (2006) seems to contradict the assumption that people can perfectly exclude the distractors from the candidate set. Conlin and Gathercole found in their group of adult participants that nonword distractors interfered more with nonword items than with word items, and that word distractors interfered more with word items than with nonword items. This pattern can be interpreted by assuming that distractors are initially included in the candidate set, but can be excluded at recall when they come from a different lexical status category (word vs. nonword) than the items. In the present experiments, memory items and distractors were both words, so distractors could not be excluded by their lexical status and should thus be included to some degree in the candidate set. The fact that I found no evidence for this could be due to individual differences between the participants in my experiments and those in the experiment of Conlin and Gathercole, or to procedural differences. Importantly, the present experiments nevertheless reflect a substantial amount of interference from the distractors, as shown by the rather poor level of recall of about 70% correct (as compared with about 95% correct for four-word lists without distractors; see, e.g., Oberauer et al., 2004) . Thus, there must be powerful mechanisms of interference even when participants manage to exclude the distractors from the candidate set.
An alternative explanation for the null effect of similarity between distractors and memory items is that beneficial and adverse effects of similarity cancel each other. Beneficial effects could arise from associating distractors with the same positional cues as memory items, as is assumed in the superposition hypothesis. Adverse effects could arise from including the distractors in the candidate set for recall, as is assumed in the response competition hypothesis. If both hypotheses are correct to some extent, then these effects could neutralize each other. One difficulty of this account is that the beneficial effect of associating items and similar distractors to the same cues should be obtained primarily when the distractors immediately follow the memory items they are similar to (as in Experiments 1 and 2), and only to a smaller extent when they are dispersed over all 16 distractor positions (as in Experiments 3-6, and Experiment 8).
Interference by Feature Overwriting
The negative effect of feature overlap between memory items and distractors converges with findings from my lab with a different paradigm (Lange & Oberauer, 2005; Oberauer & Lange, 2008) . The present finding is more diagnostic than those in the previous studies because it shows a negative effect of feature overlap in conditions in which similarity had no effect. This contrast rules out the alternative explanation that feature overlap impairs re-
No Similarity-Based Competition
The absence of negative similarity effects-in particular the absence of a detrimental effect of phonological similarity-is surprising. Phonological similarity between items is a major determinant of performance in immediate serial recall. In the complex span paradigm, higher similarity between memory material and processing material impairs performance when similarity is varied through changes in the broad categories of material (e.g., numbers vs. words, Li, 1999; or words vs. nonwords, Conlin & Gathercole, 2006) . Varying similarity within the category of words, however, does not seem to have the same effect. The present results extend previous findings with a paradigm similar to the complex span task: Oberauer, Lange, and Engle (2004) found no effect of phonological similarity between memory words and distractor words that participants read aloud between list presentation and recall. Semantic similarity, however, slightly impaired recall in that study.
One explanation for the lack of phonological similarity effects in the present study and in Oberauer et al. (2004) is that in the face of massive phonological interference from the processing task, participants opted for a nonphonological representation of the memory words. The finding of a semantic similarity effect in the Oberauer et al. study is compatible with this account. Such an explanation is not satisfactory for the present data, for three reasons. First, even after inducing a subvocal rehearsal strategy, I failed to find an effect of phonological similarity in Experiment 5. Second, the effect of phoneme overlap shows that participants in Experiments 7 and 8 encoded the memory words-at least in part-phonologically, even without encouragement to do so. Third, the obvious alternative to phonological representations is to encode memory words semantically, but semantic similarity also failed to impair memory.
I propose that the main reason why similarity between memory materials and distractors had no adverse effect in the present experiments is that the distractors were largely excluded from the set of candidates for recall. Response competition can arise only between responses in the candidate set. Items of a memory list are necessarily candidates for recall at a given serial position; therefore, similarity between list items impairs the recall of lists in serial order. Likewise, proactive interference arises from items from a previous memory list that have recently been in the candidate set and that might not have been removed from it; therefore, similarity between items on successive lists increases the likelihood of proactive interference (Bunting, 2006) . Distractors in the complex span paradigm, in contrast, are known from the outset to be distractors, and this apparently is sufficient for excluding them from the set of recall candidates.
Consistent with the assumption that the present participants were good at excluding distractors from the candidate set is the fact that only 1% of all responses in the high-similarity conditions were distractors (as compared with 16% that were omissions). Others have found that intrusions of distractors in recall are more prevalent
Distraction of Attention
The effect of reading pace on memory clearly supports a role for distraction of attention in determining memory accuracy, as is envisioned in the time-based resourcesharing model (Barrouillet et al., 2004 ). In that model, an attentional mechanism must switch between processing the distractors and refreshing memory traces. During the processing of distractors, memory representations are assumed to decay, and in the pauses between distractors, the attentional mechanism can refresh them. With a slower pace, there is more opportunity for refreshing, resulting in better memory.
The consistent effect of pace is evidence for the idea of a general, capacity-limited processing mechanism that must switch between processing and refreshing, but it has no bearing on the cause of forgetting. If we replace decay by some form of interference in the time-based resourcesharing model, the same beneficial effect of a slower pace would be predicted, because a slower pace implies more time for an attentional mechanism to restore partially degraded representations. Rather than reactivating a partially decayed trace, the attentional mechanism can be assumed to repair a representation that has been partially degraded by feature overwriting.
Conclusion
To conclude, the present experiments helped to specify the mechanisms by which a concurrent processing task disrupts recall in the complex span paradigm. There was clear evidence for two interference mechanismsdistraction of general attention and feature overwritingand tenuous evidence for a third, superposition. Response competition, the mechanism held responsible by most researchers for interference between items of a memory list as well as for proactive interference, is unlikely to be an important factor for interference between storage and processing in working memory.
A speculative integration of the mechanisms of interference identified could be as follows: While being processed, a distractor is encoded to some degree into working memory; that is, its features are temporarily bound to a context representation that partially overlaps with the context of the memory items. This has two consequences for the memory items. First, already encoded memory items are likely to lose some of those features that they share with the distractor (i.e., these features are "overwritten" in the memory items). Second, the bindings between features of the distractor and its context add some disturbance to the bindings between the memory items' features and their contexts, as is specified in the superposition hypothesis. Thus, distractor interference is both subtractive and additive: It takes away some feature-context bindings from the memory items, and it adds some new feature-context bindings. Finally, an attentional mechanism is shared between processing the distractor and repairing degraded memory representations. Thus, when there are longer intervals between successive distractors, the attentional mechanism has more time to repair the representations of memory items. One call by increasing response competition. The present Experiments 7 and 8 therefore provide strong evidence for feature overwriting, the mechanism of interference that lies at the core of our model of working memory capacity (Oberauer & Kliegl, 2006) .
Feature overwriting as a mechanism of interference can also explain why interference is reduced when items and distractors come from different broad categories, such as numbers versus words (Conlin et al., 2005; Li, 1999) or verbal versus spatial material (Bayliss, Jarrold, Gunn, & Baddeley, 2003; Maehara & Saito, 2007) . Numbers and words share phonological features, but few-if any-semantic features; verbal and nonverbal materials have very few features in common. Therefore, the chance of feature overwriting is much reduced between materials from different broad content categories (for a formal model of between-category interference, see Oberauer & Kliegl, 2006) .
If overwriting of phonemic features contributes to interference, why did it not produce a negative effect of phonological similarity? Phonologically similar distractors share most of their phonemes with the related memory items. In fact, the last two rows of Table 2 show that the degree of phoneme overlap in the phonologically similar conditions of Experiments 1, 3, and 5 was even higher than that in the high-overlap condition of Experiments 7 and 8. Experiment 8 provided a direct comparison between high similarity and high overlap with low similarity. The two conditions differed little in the degree of overlap; their only difference was that in the high-similarity condition, each distractor was the phonological neighbor of one item. Recall was better in the high-similarity condition, demonstrating that similarity of distractors has a beneficial effect on item memory. This beneficial effect compensates for the negative effect of high phoneme overlap.
The beneficial effect of similarity is difficult to explain with the superposition hypothesis because the distractors did not systematically follow the items they were similar to. An alternative explanation is that phonological neighbors activate each other in LTM (Roodenrys, Hulme, Lethbridge, Hinton, & Nimmo, 2002) . Similar distractors would then help to maintain activation of memory items without themselves intruding because they are excluded from the response set. This mechanism could also provide a post hoc explanation for the positive effect of phonological similarity on item memory in the articulatory-rehearsal group of Experiment 5. When phonological encoding is encouraged by the rehearsal instruction, the mutual activation of neighbors might be strong enough to overcome the adverse effect of feature overwriting from distractors that are similar to memory items.
The overall picture thus points to a revised version of the hypothesis that beneficial and damaging effects of similarity cancel each other. Distractors that are phonologically similar to memory items have an adverse effect on memory-primarily item memory-because they generate a larger amount of feature overwriting, as compared with dissimilar distractors. At the same time, phonologically similar distractors activate each other in LTM, thereby assisting memory for items. plausible mechanism of repair is through redintegration; that is, the partially degraded traces of words in working memory are used to recall the corresponding intact representations in LTM. With that information, features that are lost to a distractor through overwriting can be replaced, and features that are added by a distractor can be removed. Redintegration is likely to be easier if the LTM representations are already primed, and that could explain why similarity between distractors and memory items seems to have a beneficial effect on recall. This speculative account is essentially a version of the timebased resource sharing model (Barrouillet et al., 2004) in which interference either replaces or combines with decay as the cause of forgetting. One prediction that seems to follow from it is that the adverse effect of feature overlap should be ameliorated to the degree that there is time for repairing representations. Such an interaction between processing pace and feature overlap, although not significant, is hinted at in the data from Experiment 7 (see Figure 1 ).
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